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When Arthur L Herbst and his colleagues first reported, in 1971, 1 an association between the administration of diethylstilbestrol (DES) to pregnant women and cervico-vaginal adenocarcinoma found in their daughters, it was called a 'biological time bomb'. This was the first documented example of transplacental carcinogenesis in humans-the carcinogen (DES) was taken by the mother, but the cancer appeared in the offspring, and then, only after the onset of puberty. In addition to these rare genital tract cancers, other alterations were subsequently observed in much higher prevalence in the daughters of DES-exposed mothers-in both humans and mice. These included structural (or cellular) anomalies of the vagina, uterus, and fallopian tubes, subfertility and infertility, and menstrual/oestrous cycle irregularities.
2 This is significant because until the early 1970s, between 2 and 4 million women were administered DES while pregnant.
3
The DES-exposed population of men and women became the model through which understanding of delayed effects of gestational exposures to hormones or other compounds could be gained. The earliest exposed people are now in their fifth decade and other reproductive tract effects are only now being recorded, such as a higher prevalence of uterine fibroids, 4 suggesting a continued cellular or molecular lesion in the genital tract of women exposed to DES in utero.
Over the course of the last 35 years, work from our laboratory and others using mice, rats, hamsters, or nonhuman primates has shown that most of the changes seen in the DES-exposed man or woman could be replicated in laboratory animals including the signal lesion of cervico-vaginal adenocarcinoma. 5 In fact, recent publications citing increases in uterine fibroids in DES-exposed women had already been shown in exposed mice 5 and rats. 6 From the beginning, the scientific and clinical communities have sought to discover what the mechanism might be whereby an oestrogenic chemical like DES could cause an effect that persisted into daughter cells only to show up after puberty. Many laboratories, including my own, investigated the mutagenic potential of DES. Most now conclude that mutagenicity or the ability to alter the base structure of DNA is not the only or, indeed, most prominent mechanism for the persistent effects of DES.
We now believe that the very mechanisms underlying cell differentiation and organogenesis may play a major role in the expression of DES effects during development. In the normal establishment of cell differentiation pathways and the developmental fate of cells themselves, changes in the pattern of gene expression occur; indeed, the underlying strategy of development is differential gene expression. In the very simplest terms, skin expresses skin genes, while bones express bone genes; just as importantly, bone-specific genes are turned off in skin and vice versa. The persistent expression or suppression of genes is accomplished through a process called epigenetic change in which the DNA sequence is not altered. It involves the addition of methyl groups to specific bases in specific parts of genes and has been shown to regulate gene expression; thus, it underlies cell differentiation. For more details about epigenetics, evolution, endocrine disruption, health, and disease, see the recent paper by Crews and McLachlan. 7 Work from our laboratory 8 and others raised the possibility that early exposure to DES may cause persistent epigenetic changes in some genes and not others such that the fate of tissues or organs is altered. For example, the promoter region of a persistently expressed oestrogen-responsive gene displayed an altered pattern of DNA methylation following developmental exposure to DES. The epigenetic change can actually persist through generations of cells in one organism or, if the change occurs in the germ cell line, could even persist into the next generation of an organism. Thus, my colleague Retha Newbold and I showed that rare cancers seen in female mice exposed to DES prenatally were seen again in the next generation of mice. 9 Recently, a report of a transgenerational effect of hormonally active chemicals in rats associated with altered patterns of methylation also points to epigenetics as a mechanism. 10 In their paper in this issue of the Journal, 11 Titus-Ernstoff and colleagues conclude that women who were not themselves exposed to DES in utero may have altered reproductive tract function if their mothers had been exposed in utero. This is a remarkable finding, if replicated, since it would mean that in humans, maternal ingestion of DES during pregnancy can not only alter the reproductive capacity of the woman exposed directly while a fetus, but that the alteration may be passed on to another generation (the so-called DES granddaughter effect). The effect described in the current paper, later attainment of menstrual regularization and more irregular periods, is small, but biologically consistent for an oestrogenic effect. So, many decades after the first pregnant woman was exposed to DES, we now have preliminary evidence that this drug can alter the genes of the target cells in a way that persist into her daughter's daughter's generation. More than half a century of DES experience has shown us that numerous defects can be encoded in the genome of the exposed fetus to be expressed later in life. This paper and the supporting animal research data suggest that these encoded or imprinted defects may, in some cases, persist into the next generation. This is a small study with many questions, but the questions are profound enough that they merit an enhanced and continued follow-up of DES-exposed offspring and their offspring.
It is notable, and somehow fitting, that Dr Herbst, author of the first paper describing human transplacental carcinogenesis may, 35 years later, be illuminating the first example of transgenerational effects of DES in humans as one of the authors of the current Titus-Ernstoff paper. In both cases, animal studies as early as 1962 12 were key to understanding the human findings.
